In the present study we sought to determine the source of heat-induced oxidative stress. We investigated the involvement of mitochondrial respiratory electron transport in post-diauxic-phase cells under conditions of lethal heat shock. Petite cells were thermosensitive, had increased nuclear mutation frequencies, and experienced elevated levels of oxidation of an intracellular probe following exposure to a temperature of 50°C. Cells with a deletion in COQ7 leading to a deficiency in coenzyme Q had a much more severe thermosensitivity phenotype for these oxidative endpoints following heat stress compared to that of petite cells. In contrast, deletion of the external NADH dehydrogenases NDE1 and NDE2, which feed electrons from NADH into the electron transport chain, abrogated the levels of heat-induced intracellular fluorescence and nuclear mutation frequency. Mitochondria isolated from COQ7-deficient cells secreted more than 30 times as much H 2 O 2 at 42 as at 30°C, while mitochondria isolated from cells simultaneously deficient in NDE1 and NDE2 secreted no H 2 O 2 . We conclude that heat stress causes nuclear mutations via oxidative stress originating from the respiratory electron transport chains of mitochondria.
Oxygen-free radicals and other reactive oxygen species such as hydrogen peroxide are produced as byproducts of aerobic respiration and cause damage to proteins, lipids, and DNA, resulting in mutation and loss of viability (reviewed in references 2 and 14). Induction and repression of specific antioxidant proteins occur in response to the conditions leading to an increased flux of reactive oxygen species (13, 27) , for example, when cells are exposed to redox cycling xenobiotics, hyperbaric oxygen, or heat stress (5) .
Heat and oxygen stress responses involve the induction of an overlapping set of genes (8) . In Saccharomyces cerevisiae, sublethal H 2 O 2 exposure elicits the induction of a variety of heat shock response genes involved in thermoprotection, including the HSP104 gene (involved in the solubilization of aggregated proteins and the protection of RNA splicing) and the HSP70 genes (protein folding and refolding) as well as the antioxidant enzyme genes catalase (CTT1), thioredoxin peroxidase (TPX1 and TPX2), and cytochrome c peroxidase (CCP1) (13) . Heat exposure provides cross-tolerance to later lethal H 2 O 2 exposure (8) . Deletion of protein antioxidant defenses, including catalase, cytochrome c peroxidase, superoxide dismutase, and thioredoxin peroxidase, sensitizes cells to lethal heat exposures, and anaerobic cells are greatly thermoresistant compared to their aerobic counterparts (9, 16) . This evidence strongly suggests that heat stress produces an oxidative stress.
Mitochondrial electron transport consumes Ͼ90% of cellular oxygen and generates superoxide anions as minor by-products (1a, 23, 28) . Mitochondria contain superoxide dismutase (SOD2), which rapidly converts the superoxide radical to neutrally charged hydrogen peroxide (22) . Hydrogen peroxide can diffuse out of mitochondria, which avoids the dangerous buildup within the matrix of free radicals that could attack vulnerable mitochondrial DNA (25) or proteins containing iron sulfur centers (17) . Cytochrome c peroxidase, located in the inner mitochondrial space, can detoxify H 2 O 2 to water and oxygen, and catalase located in the yeast cytosol can do likewise (15, 30) .
In the yeast S. cerevisiae, ubiquinone, or coenzyme Q, (CoQ), associates with high affinity with components of the electron transport chain to form single functional units that vary with respect to their associated ubiquinone oxidoreductases (6) . Different CoQ oxidoreductases are utilized depending upon what carbon source is available; for example, upon depletion of glucose from the medium, cells enter into the postdiauxic phase of growth, in which the electron transport chain is adapted to use ethanol as the primary carbon source. The diauxic shift is also associated with the derepression of genes involved in respiration, the proliferation of mitochondria, and the oxidation of ethanol to produce NADH (10, 11) . S. cerevisiae has three NADH dehydrogenase proteins associated with the inner mitochondrial membrane capable of coupling the oxidation of NADH to the reduction of CoQ (4, 18, 26) . One faces the matrix space (NDI) and utilizes mitochondrial NADH; the other two NADH dehydrogenases face outward and can receive electrons from cytosolic NADH (NDE1/ NHD1 and NDE2/NDH2, hereinafter referred to as NDE1 and NDE2). Growth on ethanol is unaffected by deletion of the internal NADH dehydrogenase (NDI) but is severely reduced by deletion of both external NADH dehydrogenases (NDE1 and NDE2) (18, 26) . This finding suggests that the externally oriented dehydrogenases NDE1 and NDE2 are primarily involved in respiration during growth on ethanol.
In this study, nuclear mutations, oxidation of an intracellular fluorescent probe, and cellular viability were measured in petite cells ([rho Ϫ ]) as well as in cells lacking CoQ and both of the externally oriented NADH dehydrogenases (NDE1 and NDE2) during the post-diauxic phase of growth. In addition, hydrogen peroxide secreted from mitochondria isolated from these strains was measured at 30 or 42°C. As mitochondrial electron transport is a large contributor to oxidative stress (24), we have investigated whether the observed oxidative effects of heat result from an augmentation of mitochondrial free-radical flux.
MATERIALS AND METHODS
Strains and plasmids. Yeast strains used in this study are derived from JM43 MATa ura3-52 lys2-801 leu2-3,112 and JM43 coq7⌬-1::LEU2, donated kindly by Catherine F. Clarke. JDY35 was made by deletion disruption of NDE1 and NDE2 in strain JM43 using the deletion or disruption constructs detailed below. JDY43 was made by deletion or disruption of NDE1 and NDE2 in strain JM43 coq7⌬-1::LEU2 using the deletion or disruption constructs detailed below.
Petite strains were generated by overnight growth of [rho ϩ ] cells in liquid YPAD (10 g of yeast extract per liter, 20 g of peptone per liter, 48 mg of adenine per ml, 2% glucose) containing 10 M ethidium bromide. Following incubation, cultures were streaked onto solid YPAD and replica plated onto medium containing 3% glycerol as the sole carbon source. [rho Ϫ ] cells were classed according to their inability to grow on the nonfermentable carbon source. This treatment resulted in Ͼ90% petite mutant formation.
Strains with deletions or disruptions in both genes NDE1 and NDE2 were generated from plasmids pJD55 and pJD59, respectively. When both genes are inactivated, the mitochondria are completely unable to utilize external (cytoplasmic) NADH (18, 26) .
The NDE1 deletion construct was made from a 2.2-kb PCR fragment containing the NDE1 gene, which was amplified using the primers NDE1UP (3Ј-C GGGAATTCCGGCAATGAGAAGAGTTTTGG-5Ј) and NDE1LOW (5Ј-CG CGGATCCGCATAAAAAAGGGACAAGGC-3Ј). BamHI and EcoRI digestion of the PCR fragments facilitated cloning into the BamHI and EcoRI sites of pUC19 to create pJD53. Digestion of pJD53 with the BbsI restriction enzyme releases a 1.1-kb fragment from within the open reading frame. Fill-in reaction with the Klenow fragment enzyme and insertion of a BglII linker created pJD54. Insertion of a 1.1-kb BamHI fragment containing the URA3 gene into the BglII site of pJD54 created pJD55. Digestion of pJD55 with BamHI/EcoRI releases the deletion or the disruption construct.
The NDE2 deletion construct was made from a 1.6-kb PCR fragment containing the NDE2 gene, which was amplified using the primers NDE2UP (5Ј-CGCGGATCCGAGTGAAATAATAGAGCCCG-3Ј) and NDE2LOW (5Ј-CCGGAATTCAGTATTCGCCTTCCTGATGTGC-3Ј). BamHI and EcoRI digestion of the PCR fragments facilitated cloning into the BamHI and EcoRI sites of pUC19 to create pJD57. Digestion of pJD57 with EcoRV/StuI released a 1.2-kb fragment from within the open reading frame. Insertion of a BglII linker created pJD58. The BamHI/BglII fragment of pNKY51 contains the hisG-URA3-hisG cassette (1) . Insertion of the hisG-URA3-hisG BamHI/BglII fragment into the BglII site of pJD58 created pJD59. Digestion of pJD59 with EcoRI and BamHI released the deletion or the disruption construct. The URA3 marker can be recovered in mutants generated with the hisG cassette by selection on 5-fluoroorotic acid.
Oxidative fluorescence. Intracellular fluorescence was measured using the oxidant-sensitive probe 2Ј,7Ј-dichlorofluoroscin diacetate (DCFH-DA). Uptake of this dye, followed by the removal of the acetate groups, results in the formation of the nonfluorescing substrate DCFH. Oxidation of DCF produces 2Ј,7Ј-dichlorofluoroscein, which absorbs at a wavelength of 504 nm and emits at a wavelength of 524 nm. Five milliliters of YPAD cultures were grown for 48 h and washed in distilled water. Cells were resuspended at 10 7 cells/ml in 5 ml of the original YPAD saved from the cultures. Cells were incubated with shaking at 30°C in 50 M DCFH-DA for 1 h. Following loading, cells were washed three times in distilled water and resuspended in 100 l of phosphate-buffered saline (pH 7.4) (PBS); Heating at 50°C was performed for various time periods, followed by incubation on ice. Cells were diluted with 1 ml of PBS, 25 l of chloroform, and 50 l of 0.1% sodium dodecyl sulfate; all of the ingredients were added and mixed thoroughly before incubation on ice for 15 min. Following lysis, cells and debris were removed by centrifugation for 5 min at high speed in a microcentrifuge. One milliliter of the supernatant was added to 1 ml of PBS, and fluorescence was measured at an excitation wavelength of 504 nm and an emission wavelength of 524 nm (Hitachi Spectrofluorimeter F-2000) at 25°C. Anaerobic experiments were performed as described above, except that the aerobically grown cells were introduced into the anaerobic glove box 1 h prior to the addition of DCFH-DA. All washing and heat stress steps were performed within the anaerobic chamber using preequilibrated anaerobic solutions.
Mutation frequency. Forward mutations were measured at the CAN1 locus. Any mutation at the CAN1 locus which results in the disruption of the function of the arginine permease leads to the development of resistance to the drug canavanine.
Lethal heat assays were performed on cells grown in YPAD for 48 h. Cells were plated onto solid synthetic complete (SC) medium lacking arginine (SCϪArg) and onto SCϪArg with 60 mg of L-canavinine per liter added. Forward mutation frequencies were measured by counting the number of canavanine-resistant colonies per viable cell.
Microtiter mutation rate assay. This assay is a measure of spontaneous mutation rates in cells during the log phase of growth and has the advantage of avoiding the "jackpot effect." Mutation rates were performed using a modification of the Von Borstel 1,000-well assay (29) . Cultures were grown overnight in 5 ml of liquid YPAD, washed in water, and diluted to 2.8 ϫ 10 3 cells/ml in 40 ml of SCϪArg liquid medium. Each well of a 96-well microtiter plate was filled with 350 l of the original culture (1,000 cells/well). A 100-l aliquot was plated onto solid YPAD medium to determine the exact number of initial inocula per well. The cultures on the microtiter plates were grown at 30°C for six generations to populations of approximately 7 ϫ 10 4 cells per well before the addition of L-canavanine to a final concentration of 60 mg/liter for each well. The microtiter plates were sealed with Parafilm to prevent evaporation and incubated at 30°C for 6 days. Wells containing colonies were scored. Wells containing no colonies were counted with a Coulter Counter to determine the final concentrations of cells per well. The mutation rate was calculated according to the method of Von Borstel (29) and expressed as the number of mutation events per cell per generation, where the number of generations corresponds to the number of new cells generated during the assay. Cell viability. Following heat stress at 50°C, cells were incubated on ice prior to dilution and plating onto solid SC medium. Unheated controls were also plated to enable survival percentages to be determined.
Measurement of released hydrogen peroxide from isolated mitochondria. Isolation of crude mitochondria was performed as described previously (12) . Hydrogen peroxide released from mitochondria was measured using the fluorescent horseradish peroxidase (HRP) substrate A6550, as described previously (21) . Briefly, 2.5 mg of mitochondria per ml was suspended in 1.2 M sorbitol-20 mM potassium phosphate-50 M NADH (pH 7.4) (Sigma, St. Louis, Mo.) to a final volume of 85 l and incubated at 30 or 42°C for 60 min. Following the incubation, HRP and A6550 (Molecular Probes, Eugene, Oreg.) were added to final concentrations of 1 U/ml and 100 M, respectively. Catalase, when added, was at 1,000 U/ml. ADP, when added, was at 1 mM. The HRP reaction was allowed to proceed for 15 min at 37°C. Fluorescence was measured using an excitation wavelength of 570 nm and an emission wavelength of 645 nm with a fluorescence 96-well plate reader (Packard). No change in fluorescence over background values was observed in the absence of either NADH or mitochondria (data not shown). The baseline fluorescence obtained at the zero time point was subtracted from the fluorescence at the 60-min time point for each sample. The result, expressed in picomolar units of H 2 O 2 , was calculated from the standard curve. The results and standard curve data are the means Ϯ standard deviations (SD) calculated from the results of four experiments.
RESULTS
Heat stress increases the reactive oxygen flux in S. cerevisiae. As mitochondrial electron transport is known to be a major source of superoxide anion generation, we decided to investigate the involvement of mitochondrial electron transport in the generation of heat-induced reactive oxygen during respiratory growth in post-diauxic-phase cultures.
Petite and CoQ-deficient cells are thermosensitive. We determined the heat sensitivity of isogenic petite strains and of strains deficient in ubiquinone biosynthesis and the mitochondrial NADH dehydrogenases NDE1 and NDE2. Cultures were inoculated at 10 4 cells/ml and grown for 48 h in liquid YPAD medium for all experiments. Cells deficient in ubiquinone (coq7⌬) exhibit an even more severe thermosensitivity phenotype than petite cells (Fig. 1) . Cells with deletions in the NDE1 and NDE2 external NADH dehydrogenases have wild-type [rho ϩ ] viability profiles. The thermosensitivity phenotype for both petite and ubiquinone-deficient cells is partially alleviated by the deletion of NDE1 and NDE2 in these backgrounds. Petite and CoQ-deficient cells have elevated heat-induced nuclear mutations. The generation of oxidants during heat stress may lead to oxidative DNA damage. Forward mutation frequencies were measured at the nuclear CAN1 locus in petite, [rho ϩ ], JM43 coq7⌬, and JDY35 (nde1 nde2) cells following a 50°C heat stress (Fig. 2) . CoQ-deficient coq7⌬ cells display a mild but significant mutator phenotype during normal growth conditions (Table 1) , which was abolished in the triple mutant JM43 coq7⌬ nde1 nde2. The heat-induced-mutation frequency was calculated by subtraction of the spontaneous unheated-control frequency from the treatment frequency and is an indicator of damage developed during heat exposure. When heated, the coq7⌬ mutant showed dramatic increases in mutation frequencies at the nuclear CAN1 locus (Fig. 2B) Fig. 2A) . In both the petite and the coq7⌬ strain, the increases in heat-induced mutations were completely dependent on the function of the NDE1 and NDE2 genes, since they were absent in both the coq7⌬ nde1 nde2 and the petite nde1 nde2 mutant (Fig. 2B) .
The amount of heat-induced oxidation of an intracellularoxidant-sensitive probe is greater in petite and CoQ-deficient cells than in cells deficient in the external NADH dehydrogenases. We measured the oxidation of DCFH-DA, an intracellular-oxidant-sensitive probe, following exposure of isogenic (Fig. 3A) . Cells deficient in the external dehydrogenase genes NDE1 and NDE2 displayed less intracellular oxidation than wild-type [rho ϩ ] cells, having approximately 50 RFU after 30 min at 50°C compared to wild-type levels of approximately 200 RFU after 30 min (Fig. 3B) . A triple-deletion mutant lacking NDE1, NDE2, and COQ7⌬ reduced the intracellular oxidation of 2Ј,7Ј-dichlorofluoroscein to the levels observed for anaerobic cells (Fig. 3A) . Likewise for the petite nde1 nde2 strain, the heat-induced oxidative stress was reduced to [rho ϩ ] nde1 nde2 strain levels, indicating that the heat-induced increase in oxidative stress in the petite strain was dependent on the function of the external NADH dehydrogenases (Fig. 3B) . (Fig. 3B) .
Release of H 2 O 2 from mitochondria is increased in coq7 cells during heating. Undamaged mitochondria incubated with NADH in the absence of ADP will enter state IV respiration, in which the electron transport carriers become fully reduced. These conditions are optimal for univalent reduction of oxygen by mitochondrial electron carriers and for production of superoxide anions. Superoxide rapidly dismutates to H 2 O 2 , the substrate for HRP-catalyzed A6550 fluorescence. In every case, the addition of catalase either abolished development of fluorescence or reduced it to Ͻ10% (data not shown), indicating that the reaction was specific for H 2 JM43 coq7⌬ nde1 nde2 ........................................................ 3.7 a Mutation rates were calculated from the results of three independent 96-well experiments. ‫,ء‬ P Ͻ 0.05 by the two-tailed t test for comparison of means of mutants versus those of the wild type [rho ϩ ].
DISCUSSION
Heat stress is associated with the development of an oxidative stress, the source of which was previously unknown. Here we report not only that the production of reactive oxygen species following heat stress is modulated by the deletion of components of the mitochondrial electron transport chain but also that mitochondrion-derived oxidative stress results in an increased mutation frequency in nuclear DNA.
During normal aerobic respiration, tetravalent reduction of oxygen is the terminal reducing step of mitochondrial electron transport, with minimal univalent reduction of oxygen occurring (11) . A greater flux of superoxide anions is produced from mitochondria under conditions where electron flow is disrupted by specific inhibitors or ADP becomes limiting (state IV respiration). In these situations, electron carriers upstream of the blockage remain reduced, increasing the rate of single electron transfers to oxygen (28) .
The deletion of COQ7 in yeast results in the production of cells with no measurable CoQ (19) . These cells were greatly thermosensitized compared to wild-type cells, displayed elevated levels of intracellular oxidation, and had higher mutation frequencies at the nuclear CAN1 locus following heat stress exposure. The lack of ubiquinone in these cells rules out the ubisemiquinone radical as the single electron donor to oxygen during heat stress. CoQ resides within the hydrophobic interior of the inner mitochondrion membrane, where it associates with and receives electrons from several CoQ oxidoreductases that are imbedded in the inner membrane, including the internal and external NADH dehydrogenases, succinate dehydrogenase, and glycerol-3-phosphate dehydrogenase (reviewed in reference 11). CoQ receives electrons stepwise from these sources and funnels them through complex III, delivering them to cytochrome c. By removing CoQ from the electron transport chain, all upstream carriers, including the CoQ oxidoreductases, would be unable to deliver the electrons they receive and would eventually become fully reduced.
Each CoQ oxidoreductase (internal NADH dehydrogenase, succinate dehydrogenase, and glycerol-3-phosphate dehydrogenase) contains flavin adenine dinucleotide as a cofactor, and succinate dehydrogenase has an additional iron sulfur protein as a redox factor. Flavosemiquinones can form and react with oxygen to produce superoxide anions (3), and flavin adenine dinucleotide autoxidation from NADH dehydrogenase in Escherichia coli has been reported to be a primary source of superoxide anion formation, which also increases in ubiquinone mutants in a temperature-dependent manner (20) . Perhaps thermal denaturation of flavin-containing redox proteins might enhance the rate of reaction of reduced flavoproteins with oxygen to form superoxide anions. In this model, more superoxide anions would be produced during heat stress conditions when a higher ratio of reduced redox centers exists. Wild-type cells with intact electron transport would be expected to have much lower ratios of reduced electron carriers than cells with blocked electron transport.
During the post-diauxic phase of growth, cells utilize the ethanol produced during the fermentation of glucose (31) . Ethanol is preferentially oxidized to acetaldehyde by cytosolic alcohol dehydrogenase, forming NADH in the process. As the mitochondrial NADH and cytosolic pools are separate, ethanol oxidation results in a rise in the cytosolic NADH/NAD ϩ ratio (31) . The excess NADH is oxidized by the mitochondrial respiratory chain via NADH dehydrogenases located on the inner mitochondrial membrane. Any disruption of electron flow, such as would occur in a petite or coq7 cell, would be expected to result in a backlog of electrons along the NADHutilizing electron transport pathway.
Petite cells generated from ethidium bromide treatment contain large deletion mutations in the mitochondrial DNA, resulting in the loss of components of the mitochondrial protein synthesis machinery or in the direct loss of cytochrome b and cytochrome c oxidase subunits (7) . The bulk of mitochondrion genes are nuclearly encoded and regulated, becoming derepressed following the exhaustion of glucose by fermentation. As such, the petite phenotype can be viewed as a dysfunctional state in which the cell induces genes for nonfermentable carbon source metabolism but in which electron transport and respiration are unable to occur due to the absence of key mitochondrion-encoded elements, specifically cytochrome b and cytochrome c oxidase. NADH generated by the oxidation of ethanol to acetaldehyde will still feed into the defunct electron transport chain through the internal and external mitochondrial NADH dehydrogenases, but a logjam of electrons will ensue, as the electrons are not transferred through the missing links. The downstream components, including the CoQ oxidoreductases, will become fully reduced and capable of leaking electrons to oxygen. One expects that removing the source of electrons would alleviate the oxidative stress. Deletion of the external dehydrogenases did indeed reduce the heat-induced mutation frequencies in [rho Ϫ ] and coq7⌬ cells, the heat-induced oxidation of the intracellular fluorescent probe, and the production of H 2 O 2 from mitochondria. These findings suggest that the oxidative stress generated in these cells during heat stress derived from electrons donated by the external NADH dehydrogenases during growth in the post-diauxic phase.
The deletion of both external mitochondrial NADH dehydrogenase genes (NDE1 and NDE2) reduced the intracellular oxidation of the 2Ј,7Ј-dichlorofluoroscein fluorescent probe compared to that in the [rho ϩ ] wild type. Double nde1 nde2 deletion mutations had no effect on viability after a heat stress exposure in the wild type [rho ϩ ] but did ameliorate slightly the thermosensitivity phenotype of the coq7⌬ and petite strains. In addition, double nde1 nde2 mutations in the [rho Ϫ ] and coq7⌬ backgrounds completely abolished the heat-induced mutations at the nuclear CAN1 gene and the intracellular oxidation of the fluorescent probe ( Fig. 2 and 3) . These results suggest a role for the external NADH dehydrogenases as a conduit for the electrons that eventually lead to oxidative stress. Direct measurement of the H 2 O 2 released from mitochondria isolated from coq7 showed that elevated temperatures result in a large increase in H 2 O 2 release from ubiquinone-deficient mitochondria (Fig. 4) . The effect of nde1 and nde2 deletions both alone and in conjunction with a coq7 deletion was to greatly reduce the production of H 2 O 2 . Interestingly, the levels of H 2 O 2 released from ubiquinonedeficient mitochondria at 30°C were substantially reduced compared to those of wild-type mitochondria, suggesting that, at nonstressful temperatures, CoQ itself appears to generate the majority of free radicals, possibly through the radical intermediate ubisemiquinone (23) . When heat is applied, however, the situation reverses dramatically and CoQ-deficient mitochondria generate significant amounts of H 2 O 2 . As CoQ is absent, one can infer that the molecule responsible for reducing the supply of oxygen to the superoxide anion during heat stress is not the ubisemiquinone radical but some other reductant. The flavin cofactor from the NADH dehydrogenase enzymes themselves or another unidentified electron carrier located in the transport chain between those enzymes and CoQ may be the culprit responsible for the heat-induced production of H 2 O 2 . We propose a model describing electron flow during heat stress in Fig. 5 . In this model, electrons become diverted to molecular oxygen during heat stress as flavoproteins denature, exposing or releasing the reduced flavin cofactor. Conditions that favor an increased ratio of reduced flavin electron carriers, such as mitochondria deficient in CoQ and [rho Ϫ ] mitochondria, result in a greater superoxide anion flux.
We have demonstrated that mitochondrion-derived oxidants were able to cause mutations in the nuclear DNA in yeast, an observation that has important implications for carcinogenesis, should a similar process occur in mammalian cells. Many degenerative diseases associated with aging are proposed to be caused by the development of a greater mitochondrial oxidative burden over time, which may be exacerbated during conditions of heat stress. Periods of elevated temperature exposure for humans are common, with chronic exposures occurring during fever and heat stroke and acute and localized exposures occurring following burns and ingestion of hot beverages and during hyperthermic cancer therapy. Understanding the molecular details of heat-induced oxidative stress will extend our knowledge of molecular events following these common heat stress exposures.
